Coronary microvascular functional and structural obstruction (CMVO) remains a major complication in patients with ST-segment elevation myocardial infarction (STEMI). This study was designed to develop and validate a nomogram model to predict CMVO risk during primary percutaneous catheterization procedure.
Background
ST-segment elevation myocardial infarction (STEMI), a typical symptom mostly generated from acute intracoronary thrombus formation and coronary blood flow cessation, remains a dominating threat to public health throughout the world. In patients presenting with acute STEMI, the main target of the reperfusion strategy is to promptly implement the intervention on the culprit artery. Regardless of epicardial repatency after revascularization, a considerable number of patients suffer from inadequate perfusion at the myocardial tissue level, resulting from coronary microvascular functional and structural obstruction (CMVO) during the perioperative period [1] . CMVO, previously identified and understood as "no-reflow phenomenon" (NRF), would add to the intervention strategy the incidence of adverse complications and events, thus affecting patients' short and long-period prognosis [2, 3] . Therefore, attempts to decrease microvascular obstruction risk via mechanical and pharmaceutical pretreatments in the early stage of catheterization have been proposed and achieved promising results [4, 5] . Nevertheless, for patients developing subsequent microvascular impairment, no specific or definitive therapeutic approaches for attenuation have proven to be valid from large scale tests, highlighting the urgent need to address timely recognition of this condition.
In recent years, many trials have been carried out to analyze and investigate the possible related indicators of CMVO or NRF [6] . However, due to the differences in study protocols, sample size, and auxiliary measurements, there have been no consistent conclusions so far. In addition, limited by the testing costs and time, some clinical or laboratory indexes are still not suitable or available in present practice. Among the current existing findings, time from chest pain symptom onset to balloon (SO-B) has been confirmed as one of the most acknowledged predictors of microvascular perfusion, which intensifies the significance of early reperfusion in the setting of STEMI [7, 8] . Nevertheless, on the basis of animal experiments and earlier clinical trials, an assumption has been put forward that multiple process, including ischemia-reperfusion injury, distal embolization, and individual susceptibility are involved in CMVO development, and in an integrated manner contribute to deteriorating microvascular perfusion [9, 10] . Accordingly, one single indicator may not be valid enough to evaluate the perfusion state of microvasculature. In order to determine CMVO probability in primary percutaneous coronary catheterization and thus rendering early and rapid identification of high-risk patients, we systematically screened the possible clinical and angiographic information retrospectively, with an attempt to construct and validate a predictive nomogram model for the first time.
Material and Methods

Population
Starting January 2014 to December 2016, the participants hospitalized to the Cardiology Division of the Second Hospital of Hebei Medical University were recruited in this retrospective analysis. The qualified candidates were enrolled based on the following criteria: 1) diagnosis of STEMI was based on the current guideline [11] ; 2) the duration lasted less than 24 hours from the symptom onset till balloon inflation; 3) patients and their direct relatives agreed to undergo the emergent intervention in the Chest Pain Unit of our Institute. Meanwhile, our exclusion criteria included: 1) Killip IV grade; 2) intravenous or intracoronary fibrinolytic pharmaceutic treatment; 3) history of myocardial infarction; 4) rejecting the angiographic examination or preparing an elective intervention; 5) multiple lesions not advisable for stenting; 6) immunological or rheumatic diseases, end-stage hepato-renal failure, and cancer; 7) serious mechanical or operative complications; and 8) contraindication for the anticoagulant or antiplatelet agents. According to the Helsinki Declaration, the design and protocol has been approved by the Institutional Ethics Committee (Approval Letter No. 2018-P044). Each recruited member has agreed to take part in this study and signed the informed consent.
Study design and procedures
Patients' demographic data (gender, age, body mass index, Killip grade), previous history (hypertension, diabetes mellitus, dyslipidemia and smoking) and present illness description were recorded in medical files while hospitalized. Electrocardiogram and conventional laboratory examinations [complete blood cell, myocardial damage indicators, biochemical indices, glycosylated hemoglobin A1c (HbA1c), serum brain natriuretic peptide (BNP), and activated clotting time (ACT)] for STEMI patients were performed on admission. ACT assay test was detected by the double-channel mechanical plunger (ACT plus, Medtronic Inc., Minneapolis, MN, USA) on reaction temperature of 37°C.
Patients received 300 mg aspirin, 600 mg clopidogrel or 180 mg ticagrelor, and unfractionated heparin (UFH) 70-100 U/kg as pretreatment prior to the procedure. The coronary angiographic examination was conducted in keeping with the technical principle via radial, ulnar, or femoral access. Angiographic review and analysis were accomplished by no less than 2 skillful interventional cardiologists in different working teams. ACT levels were kept 250-300 seconds under the application of UFH conventionally, while Bivalirudin (initial bolus of 0.75 mg/kg, then intravenous infusion with 1.75 mg/kg/hour for 3-4 hours after procedure) served as an alternative for patients at high hemorrhage risk. Percutaneous coronary intervention (PCI) would be preferred when the stenosis degree of infarct related artery (IRA) was beyond 75%. When the lesions were not suitable or the patients refused stenting, transluminal coronary angioplasty (PTCA) would be adopted. Reperfusion therapy delay [for instance, SO-B and first medical contact to balloon (FMC-B) time] would be calculated when the balloon was inflated. The choice of interventional device, procedure (numbers and pressure of predilation and postdilation, thrombus aspiration, and temporary pacemaker implantation) and adjuvant medication (tirofiban, anisodamine, etc.) were left to the operators' decisions. Some invasive indices were also assessed and listed as previously introduced, such as thrombolysis in myocardial infarction (TIMI) grade [12] , Gibson's intracoronary thrombus scores [13] , TIMI myocardial perfusion grade (TMPG) [14] , and corrected TIMI frame count (cTFC). Culprit artery cTFC was counted at the rate of 15 frames per second in accordance with Gibson's method [15] . After the procedure, all the participants were administered with anticoagulant and antithrombotic therapy, b-receptor blocker, statins, nitrates, and angiotensin-converting enzyme inhibitors or angiotensin receptor blocker as stated in the guideline. The echocardiography measurement of left ventricular ejection fraction (LVEF) was arranged in 7 days after the emergent catheterization.
Among all eligible participants, ID numbers were given according to the admission time. The candidates administered from January 2014 to June 2016 were scheduled to create a training database, while the patients enrolled from July 2016 to December 2016 were planned to validate the established model. Each database was divided into subgroups based on TMPG results after the recanalization, namely MO subgroup with 0-2 grade and NMO subgroup with 3 grade.
Statistical analysis
Kolmogorov-Smirnov's test was utilized to evaluate those continuous data's normality. If the data were distributed normally, they would be indicated as mean ± standard deviation (SD), or else they would be reported as median (25 th . The construction of nomogram was performed by running the programming codes and a series of R packages (Hmisc, grid, lattice, Formula, ggplot2, rms, haven, pROC, etc.), which were downloaded and installed from R Software online platform. The nomogram's discriminant performance was assessed and analyzed by concordance index (C-index), and illustrated as receiver operating characteristic (ROC) and area under curve (AUC) [16] . Calibration curve was derived to test calibration ability. Five-fold cross-validation method was used for further internal validation afterwards, while external validation was carried out by substituting the validation data in the developed model.
Results
Group enrollment
Since January 2014 to June 2016, a total of 446 eligible STEMI participants formed the training database. Among those cases, 127 patients developed CMVO with an incidence of 28.48%. Beginning July 2016 to December 2016, a total of 99 eligible patients were enrolled to construct the validation database. Amongst these patients, 25 cases were diagnosed with CMVO with an incidence of 25.25%.
Baseline clinical characteristics between both subgroups in the training database
The demographic characteristic, baseline information, and clinical laboratory indices of the candidates in the NMO and the MO subgroups of the training database, and the relevant details of comparisons are described in Normally distributed continuous data are indicated as mean ± standard deviation; or else they would be reported as median (25 th quartile, 75 th quartile). Categorical data are shown as numbers and proportions (%). MO and NMO subgroups based on TIMI myocardial perfusion grade results after recanalization. MO subgroup with 0-2 grade and NMO subgroup with 3 grade. ACT -activated clotting time; BMI -body mass index; BNP -brain natriuretic peptide; CAD -coronary artery disease; CK-MB -creatine kinase-MB isozyme; CRP -C-reactive protein; DAPT -dual antiplatelet therapy; DBP -diastolic blood pressure; eGFR -evaluated glomerular filtration rate; HbA1c -Glycosylated hemoglobin A1c; HDL -high density lipoprotein; LDL -low density lipoprotein; SBP -systolic pressure; WBC -white blood cell. Normally distributed continuous data are indicated as mean ± standard deviation; or else they would be reported as median (25 th quartile, 75 th quartile). Categorical data are shown as numbers and proportions (%). MO and NMO subgroups based on TIMI myocardial perfusion grade results after recanalization. MO subgroup with 0-2 grade and NMO subgroup with 3 grade. ACT -activated clotting time; BMI -body mass index; BNP -brain natriuretic peptide; CAD -coronary artery disease; CK-MB -creatine kinase-MB isozyme; CRP -C-reactive protein; DAPT -dual antiplatelet therapy; DBP -diastolic blood pressure; eGFR -evaluated glomerular filtration rate; HbA1c -Glycosylated hemoglobin A1c; HDL -high density lipoprotein; LDL -low density lipoprotein; SBP -systolic pressure; WBC -white blood cell. Table 5 . Predictors of CMVO by binary logistic regression analysis in the training database.
Variables
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ACT -activated clotting time; CI -confidence interval; CMVO -coronary microvascular functional and structural obstruction; NLR -neutrophil/lymphocyte ratio; OR -odds ratio; SE -standard error.
Procedural and angiographic features between both subgroups in the training database
The angiographic features in the training database are listed in Table 2 
Logistic regression analysis of CMVO
Binary logistic regression analysis was conducted to recognize the CMVO independent risk factors in STEMI patients undergoing a primary catheterization. In accordance with the regression model, the following indicators were highly associated with the occurrence of CMVO: age >65 years (X1), admission Killip classification (X2), SO-B time (X3), baseline ACT level (X4), baseline NLR >7.0 (X5) and glucose value >12.0 mmol/L (X6). Regression formula was established as follows: Logit P=-7.580+1.055×X1+1.461×X2+0.278×X3-0.734×X4+1.423×X5+0.893×X6. The predictive rate of the model was calculated to be 86.3%. The result of logistic regression analysis is described in Table 5 . Nomogram was plotted on the regression results with R software and relevant packages (Figure 1) .
Validation of nomogram model
The 
Discussion
STEMI has become a major public health issue and is among the primary causes of cerebro-cardiovascular deaths worldwide. As for STEMI patients, rapid reperfusion is of great significance in restoring epicardial coronary flow, salvaging jeopardized myocardium, limiting infarction extension and ventricular remodeling. Although considerable advancements have been achieved in therapeutic strategies, there remains room for further exploration and enhancement. Despite IRA repatency, a portion of patients fail to benefit due to insufficient perfusion of the microvasculature, which is termed as CMVO or NRF.
As from accumulated literature, impaired myocardial perfusion is closely associated with poorer cardiac function, increasing mortality and worsening prognosis [17, 18] . Similarly, in our study, distinct differences in LVEFs during hospitalization were observed between the study subgroups, emphasizing the importance of timely evaluation and recognition of patients at high risk in the early setting.
Note that multiple mechanisms contribute to microvascular obstruction development together, a single element may not be convincing enough in risk prediction and stratification. Therefore, risk scores or models, consisting of various indicators are favored for accurate detection and diagnosis.
In this study, potential factors chosen from earlier hypothesis and practical experience have been tested for their possible Among all these factors, CMVO development is most likely driven by prolonged reperfusion time, known as symptom onset to balloon time. Consequently, prompt diagnosis and revascularization are of remarkable importance in preventing vasculature damage, improving prognosis and decreasing the incidence of cardiac events.
With the development of angiographic techniques and device, advanced age is no longer an absolute contraindication for coronary intervention. It is not rare for elderly STEMI patients receiving primary catheterization, particularly when they share the contradiction of thrombolysis, renal failure, or high bleeding risk. However, earlier evidence has proven the hypothesis with the similar conclusion of this study that, CMVO incidence would increase if the patient's age was over 65 years [19, 20] , possibly owing to preexisting pathophysiological basis, such as severe and diffuse coronary lesions, serious calcification, and endothelial dysfunction [21] .
As for myocardial infarction patients, Killip classification acts as a simple and fundamental assessment for myocardial ischemic injury and hemodynamics. Higher Killip grade is recognized as poorer functional capacity and extensively damaged myocardium as well as microvasculature. As De Luca et al. reported, Killip 3 grade is an independent indicator of myocardial perfusion impairment after emergent PCI [22] . Jeong et al. has also suggested that baseline levels of serum BNP, which is commonly used parameter for left ventricular function, is linked to NFR [23] . Nevertheless, we failed to verify this assumption, considering that serum BNP level could not elevate in the early phase. Moreover, patients with Killip grade >4 were excluded, taking into account the fact that those cardiac shock candidates required additional rescue support and adjuvant treatment, leading to unbalanced comparisons between the subgroups.
Intracoronary thrombus burden is directly related to microvascular perfusion in myocardial infarction patients. Apart from the thrombus burden score, the interactions of thrombotic or coagulant laboratory parameters with CMVO were worthy of consideration. Compared with activated partial thromboplastin time and D-dimer, ACT is the most frequently utilized point of care test in monitoring whole blood coagulation and anticoagulant effects of heparin during a coronary intervention procedure, sharing advantages of shorter testing time, smaller blood sample size, and less sample degradation [24] .
Levels of initial ACT prior to primary catheterization were assessed to predict IRA patency and coronary coagulating effects in our center conventionally, but without definite reference cutoff values and supporting evidence. Additionally, the relationship of this bedside index with patients' prognosis is controversial. Tolleson et al. reported that for patients receiving contemporary intervention, an ACT of 200 seconds to 250 seconds was efficient to reduce ischemic events, while bleeding events increased with ACT levels [25] . Participants in the EASY trial were administered with abciximab and UFH to determine the relationship between the final ACT value in emergent PCI and outcomes, suggesting that with abciximab treatment, a higher final ACT value was beneficial in reducing post procedure myocardial injury without increasing bleeding [26] . The FUTURA/OASIS-8 trial conducted by Ducrocq et al. pointed out that peak ACT £300 seconds values of NSTE-ACS patients in PCI procedure are at high thrombotic risk with no clear hemorrhagic threat [27] . Rajpurohit et al. studied and reviewed 12 055 candidates who underwent conventional PCI, proposing that ACT values before intervention was not independently related to short-and long-period survival [28] . In consequence, for STEMI members, whether baseline ACT values are independently associated with ischemic, hemorrhagic risks and cardiac events, is worth further investigation. In this study, based on multivariate logistic regression result, we found that the initial ACT prior to the procedure had a close relationship with microvascular obstruction occurrence, with the possible cutoff values listed in the nomogram. Despite its advantages over other laboratory indexes, ACT value is influenced by various conditions (hypothermia, antiplatelet treatment, and hemodilution). Whereas this study was performed in a single center, the range of ACT values might be different in other centers due to different personnel and testing device.
Inflammatory activation plays an essential role during coronary atherosclerosis, along with microvascular dysfunction. With the growing understanding of the pathophysiological mechanisms, neutrophil-platelets are thought to be activated to exaggerate inflammatory cascade reaction by releasing mediators, radical oxygen, and to aggregate to block the coronary lumen, deteriorating microvascular perfusion after restoring the blood flow of the culprit vessel. Among all the routine blood indexes, NLR has been confirmed as the most significantly independent parameter of CMVO [29, 30] , which is consistent with the present study findings.
In a myocardial infarction setting, the glucose level rises as a result of sympathetic nerve activation and increase in plasma catecholamine. It has been implied that, regardless of diabetes history, admission with hyperglycemia has a close connection with mortality [31] . Yildiz et al. reported that glucose on admission was independent of high TFC, regardless of diabetes history [32] . Recently, a study revealed that hyperglycemia affects coronary thrombus burden and inflammatory status, resulting in worse prognosis in patients undergoing interventional treatment [33] . As seen in the present study, we obtained comparable results, supporting that hyperglycemia on admission directly correlated to CMVO among the STEMI patients undergoing primary recanalization.
Limited by sample size and evaluation conditions, there were some statistically different indicators between the 2 subgroups, including hs-CRP, eGFR, D-dimer, diabetes history, and collateral circulation, which were shown not to be responsible for CMVO independently. Additionally, some predictors with obvious significance were not entered into the regression analysis owing for several reasons. First, the scores that incorporated a series of clinical elements, like GRACE, CRUSADE, SYNTAX, and CHA2DS2-VASc scores, are presumably not suitable and practical in constructing new models, considering that they might influence the weight of risk variables, regardless of their correlation with NRF incidence [34, 35] . Second, given the fact that cardiac biomarker values were strongly correlated with ischemic time and affected by a range of factors (infarct size, collateral circulation, and several other conditions) [10] , initial CK-MB and cTnI were excluded. Furthermore, in spite of the confirmed independence of microvascular obstruction, initial coronary thrombus burden was eliminated due to its multicollinearity with ACT values in regression analysis.
In addition to the potential factors, previous models or estimating scores of NFR have been recently created. Dogan et al. reported that hyperglycemia, prolonged ischemic time, and low neutrophil count were attributed to the development of the risk model [36] . Bayramoglu et al. built a predictive model covering age, LVEF value, SYNTAX score, stent length, thrombus burden score, Killip classification and reperfusion time [37] . The retrospective study conducted by Wang et al. showed that age, pre-PCI thrombus score, pain to PCI time, Killip class, neutrophil level, admission glucose, and collateral circulation could be adopted to establish a no reflow model [38] . Regardless of those results, the existing models were usually displayed as counting scores.
To our knowledge, this is the first study to present a nomogram model as a novel and valid representation form to identify the possibility of CMVO. Unlike the former systems, nomogram is a specific and graphical tool that integrates quantified independent predictors with corresponding risk or prognosis possibility according to the individual condition [39, 40] . Markedly, C-index or AUC value over 0.75 is recognized as a reliable validation. The present nomogram performed well in calculating the risk probability, and its validity was tested by internal and external validation and the calibration curve, highlighting the predictive accuracy of the established model and nomogram. The comprehensive nomogram might be reasonable and sensible in facilitating the physicians assessing the potential CMVO risk in the early stage of STEMI, offering therapeutic and mechanical guidance in clinical practice.
This study exhibits the following limitations: first, this retrospective trial was conducted from one single institutional dataset with a relatively small sample scale, hence C-index and AUC for internal as well as external validation might be higher. Therefore, multicenter prospective validations of this risk model are required to confirm this. Second, hyperglycemia impairs the microvascular integrity in complex mechanisms, and we did not investigate the possible correlations of glucose intolerance/insulin resistance indices and CMVO due to the lack of original data. In future studies, glucose tolerance test, glycosylated hemoglobin, free fatty acids, post prandial insulin concentrations, and other relative quantifications need to be addressed. Furthermore, the level of ACT is influenced by a series of factors, and the reference range in the present nomogram might be different depending on the testing equipment and surroundings.
Conclusions
In conclusion, the nomogram model based on 6 variables, including age, symptom onset to balloon time, Killip classification, admission ACT, neutrophil/lymphocyte ratio, and glucose value, could accurately predict coronary microvascular obstruction risk for STEMI patients undergoing primary percutaneous catheterization.
